patients with pancreatic adenocarcinoma (pDAC) still face a very limited prognosis. At early stage, surgical tumor resection might offer long-term survival but disease recurrence is common and the existing stratification algorithms are often unsuitable to identify patients who particularly benefit from surgery. Here, we investigated the potential role of bone sialoprotein (Bsp) as a circulating marker in patients undergoing resection of pDAC. We used eLIsA to determine serum concentrations of Bsp in a cohort of 132 PDAC patients as well as 39 healthy controls. Circulating BSP levels were significantly higher in pDAC patients compared to healthy controls. Notably, elevated preoperative Bsp levels above the ideal cut-off value of 4743 pg/ml turned out as a significant predictor for an impaired postoperative survival. the potential of preoperative Bsp levels as a prognostic marker was further underlined by uni-and multivariate Cox-regression analyses including various tumour-and patient-specific. Finally, high tumoral BSP expression was also associated with a significantly impaired long-term survival. In conclusion, we identified a novel role of circulating BSP as a biomarker in PDAC patients undergoing tumor resection. Such data might help to establish new preoperative stratification strategies to better identify patients who particularly benefit from tumor resection.
Pancreatic adenocarcinoma (PDAC) is among the most deadly malignancies. Despite being responsible for only 3% of all new cancer diagnoses, pancreatic cancer represents the fourth most common cause of cancer related death in Europe 1, 2 and is expected to be the second most common cause by 2030 1 . Current treatment options are limited, with surgical resection being the only potentially curative treatment option 3 . However, most patients are diagnosed at advanced tumor stage and long-term survival cannot be achieved in these patients 2 . Moreover, even after radical tumor resection, some patients face early tumor recurrence and most likely do not benefit from surgery 4, 5 . Thus, in order to improve long-term outcomes for pancreatic cancer patients, it is imperative to improve the proportion of patients diagnosed at an early disease stage and to identify those patients that will particularly benefit from radical treatment modalities, highlighting the need for easy accessible biomarkers for diagnosis and therapeutic guidance of pancreatic cancer patients 6 . Pancreatic cancer is associated with a desmoplastic stroma reaction, which is critical for tumor progression and metastasis 7, 8 . The stroma and the tumor itself express various proteins, which have been proven to be prognostic biomarkers 9, 10 . In this context, "small integrin binding ligand N-linked glycoproteins" (SIBLINGs) have gained increasing interest due to their specific role in the regulation of tumor cell proliferation, angiogenesis and metastasis as well as their involvement in molecular processes in pancreatic cancer 11 . The SIBLINGs-family represents a class of soluble, integrin-binding glycophosphoproteins that includes bone sialoprotein (BSP), dentin
Scientific RepoRts | (2019) 9:1489 | https://doi.org/10.1038/s41598-018-38352-2 sialophosphoprotein (DSPP), osteopontin (OPN), matrix extracellular phosphoglycoprotein (MEPE) and dentin matrix protein 1 (DMP1) 11 . SIBLINGs act on various receptors which are associated with different signalling pathways implicated in cancer 12 . Osteopontin represents the most investigated SIBLINGs-family member and was described to be strongly overexpressed in pancreatic cancer 13 . Besides osteopontin, BSP was recently found to be expressed in pancreatic islet and ductal cells of normal pancreatic tissues as well as in the tubular complexes of pancreatic cancer and pancreatic cancer cell lines, suggesting a role of BSP in the context of this malignancy 14 . With respect to circulating levels of the SIBLINGs-family, elevated serum levels of osteopontin were found in PDAC patients and correlated with disease stages and an impaired patients' prognosis 15, 16 . However, it is presently unknown if circulating levels of BSP play a similar role as a diagnostic and/or prognostic biomarker in PDAC patients. Here, we measured BSP serum levels in 132 PDAC patients at different stage of disease that underwent surgical tumor resection at our tertiary referral centre.
patients and Methods patient characteristics and study design. The aim of this observational cohort study was to evaluate BSP as a biomarker in PDAC patients. A total of 132 patients who underwent resection of pancreatic adenocarcinoma at the Department of Visceral and Transplantation Surgery at the University Hospital RWTH Aachen were recruited between 2011 and 2016 (patient characteristics are summarized in Table 1 ). Diagnosis of PDAC was performed based on the patients' medical history, physical examinations (silent jaundice, weight loss), imaging techniques (CT, MRI), laboratory analyses (elevated Bilirubin, GGT, AST, ALT, AP, and CA 19-9 concentration) as well as tumor biopsy and. All PDAC tumours were confirmed histopathologically after resection. Blood samples were taken prior to surgery and 6-7 days after tumour resection. We analysed 39 healthy, cancer-free blood donors with normal values for blood counts, C-reactive protein, kidney and liver function as control population. The protocol of the study was approved by the ethics committee of the University Hospital Aachen (RWTH Aachen University, Aachen, Germany) and the study was conducted in accordance with the ethical standards of the Declaration of Helsinki. We obtained written informed consent from all patients.
Measurement of Bsp serum levels. BSP serum concentrations were measured using a commercially available enzyme-linked immunosorbent assay (ELISA) in accordance to the manufacturers' instructions (Human BSP ELISA, Abbexxa, Cambridge, United Kingdome, No. abx575181). The assay detects the un-phosphorylated form of human BSP of approximately 35 kDa. The specific BSP detection-antibody targets the immunogenic region between amino acids 17 to 210 from BSP.
tGCA-pAAD. We downloaded the raw BSP mRNA data set from the TCGA-PAAD online portal (https:// portal.gdc.cancer.gov/projects/TCGA-PAAD). The dataset comprised 178 samples of pancreatic cancer. The clinical data (e.g. survival time) of the resected patients were also taken from the TCGA data portal cBioPortal (http:// www.cbioportal.org/index.do). The optimal prognostic cut-off value was determined as described previously 17 and used to distinguish between patients' survival on 'low' or 'high' BSP mRNA expression (threshold: −3.49 relative BSP mRNA expression level). statistical analysis. Statistical analyses were performed as described recently 18 . Serum data are displayed as median and range. Shapiro-Wilk-Test was used to test for normal distribution. Non-parametric data were compared using the Mann-Whitney-U-Test or Kruskal-Wallis-Test for multiple comparisons. Box plots display a summary of the median, quartiles and ranges. ROC curves were created by plotting sensitivity against 1-specificity. The optimal cut-off values for ROC curves were established using the Youden-Index (YI = sensitivity + specificity − 1). Kaplan-Meier curves were used to display the impact on the patients' survival. The Log-rank test was used to test for differences between subgroups in Kaplan-Meier curve analysis. The ideal prognostic cut-off value was calculated with a recently published biometric software that fits Cox proportional hazard models to the survival status (deceased during follow-up or alive) and the survival time. The ideal prognostic cut-off value is then defined as the value with the most significant split in the log-rank test 17 . The prognostic value of variables was further tested by uni-and multivariate Cox regression analysis. Parameters with a p-value of <0.250 in univariate testing were included into multivariate testing. Statistical analyses were performed using SPSS 23 (SPSS, Chicago, IL, USA) 19 . A p-value of <0.05 was considered statistically significant (*p < 0.05; **p < 0.01; ***p < 0.001).
Results

Circulating levels of Bsp are elevated in patients with pancreatic cancer. Based on recent data
on an overexpression of BSP in pancreatic cancer samples 14 , we first measured preoperative circulating levels of BSP in a large cohort of patients (n = 132) who underwent tumor resection for pancreatic cancer (detailed patient characteristics are given in Table 1 ) and compared them to healthy controls. Interestingly, we found that pancreatic cancer patients display a significant elevation of BSP serum levels compared to healthy controls ( Fig. 1a and Supplementary Table 1) . Although the diagnostic power of serum BSP levels (AUC BSP : 0.665) for the differentiation of pancreatic cancer patients and healthy controls was inferior to tumor markers such as CA19-9 and CEA (AUC CA19-9 : 0.908, AUC CEA : 0.786, Fig. 1b) , the combinational use of BSP and CA19-9 was superior to each serum marker alone (AUC BSP/CA19-9 : 0.931, Fig. 1c ). The combination of BSP and CA19-9 displayed a maximum diagnostic sensitivity of 83.6% with a specificity of 94.6%.
Circulating BSP does not reflect disease characteristics. In a next step, we compared serum BSP levels between pancreatic cancer patients with different clinicopathological disease characteristics such as TNM stage, resection status, histological tumor grading or the patients' clinical performance status. In these analyses, we observed no significant difference in BSP serum levels between patients with different T-stage ( Supplementary  Fig. 1a ), nodal-positive and nodal-negative disease ( Supplementary Fig. 1b ) or non-metastasized and metastasized patients, who were still eligible for surgical tumor resection ( Supplementary Fig. 1c) . Moreover, preoperative BSP serum levels had no impact on the resection status (R 0 vs. R 1 , Supplementary Fig. 1d ), while patients with poorly differentiated tumours (G3) showed a trend towards higher BSP level compared to patients with moderately differentiated tumours (G2, Supplementary Fig. 1e ). Finally, serum BSP levels were unaltered between patients with an unimpaired or impaired clinical performance status (ECOG PS 0 vs. ≥1, Supplementary Fig. 1f) . To further elaborate a potential association between circulating BSP and organ dysfunction, we performed correlation analyses between initial BSP levels and various laboratory markers. In this analysis, we observed a significant correlation between BSP serum levels and parameters of inflammation preoperative serum Bsp levels predict long-term survival after tumor resection. We next evaluated a potential association between preoperative BSP serum levels and the patients' postoperative outcome. We therefore split our cohort into two groups with either high (above the 50 th percentile) or low (below the 50 th percentile) circulating levels of BSP and performed Kaplan-Meier curve analysis to test for significant differences in the overall survival between these groups. However, using the median BSP serum level (1672 pg/ml), we did not observe an impaired outcome for either group (Fig. 2a) . In view of the fact that the median BSP level might not represent the optimal discriminator for patients with a good or poor prognosis, we subsequently calculated an ideal prognostic BSP cut-off value for the discrimination between long-term survivors and patients who deceased early after surgery as described before (see Patients and Methods for details) 17, 18 . Interestingly, when applying this optimal cut-off value, Kaplan-Meier curve analysis showed a significantly impaired long-term survival for patients with preoperative BSP serum levels above 4743 pg/ml (Fig. 2b) . Pancreatic cancer patients with BSP serum levels above 4743 pg/ml (n = 10) displayed a reduced median overall survival of only 289 days compared to 622 days for patients with preoperative BSP levels below the ideal cut-off value (n = 119). Importantly, none of the patients with high levels of circulating BSP reached long-term survival beyond three years (Fig. 2b) . Next, we performed univariate Cox-regression analysis to further elaborate the influence of high BSP levels on the patients' survival. In this analysis, serum BSP levels above our ideal cut-off value were found to be a negative prognostic factor for overall survival showing a hazard ratio (HR) of 2.281 (p = 0.015, 95% CI: 1.117-4.420). In multivariate Cox-regression analysis, in which we included various clinical as well as laboratory parameters with a p-value of <0.250 in univariate testing, the prognostic value of circulating BSP was independent of the patients' liver function (bilirubin and GGT), renal function (creatinine), tumor stage or patients' age (Table 2) .
postoperative Bsp serum levels and patients' outcome. Subsequently, we measured BSP levels in postoperative serum samples that were drawn six to seven days after resection of pancreatic cancer and were available for n = 39 patients. Interestingly, we found that median level of circulating BSP was increased after tumor resection (Fig. 3a) . Again, we tested whether postoperative BSP levels might also reflect the patients' prognosis. th percentile of initial BSP serum levels is unsuitable to distinguish between patients with a favourable or unfavourable long-term prognosis. (b) Pancreatic cancer patients with preoperative BSP serum levels above the calculated ideal cut-off value (4743 pg/ml) have a significantly reduced overall survival of 289 days compared to 622 days for patients with BSP serum levels below this cut-off. However, neither the 50 th percentile cut-off value (3070 pg/ml) nor the ideal postoperative cut-off value (3608 pg/ ml) that we established as described above were able to significantly discriminate between long-term survivors and patients who deceased early (Fig. 3b,c) . Nevertheless, we observed a trend towards a reduced overall survival in patients with postoperative BSP serum concentrations above 3608 pg/ml (p = 0.063, Fig. 3c ). Univariate Cox-regression analysis showed a similar trend for postoperative BSP serum levels above the ideal cut-off value regarding the prediction of overall survival (HR: 2.004, p = 0.070, 95% CI: 0.946-4.245). Finally, we compared the overall survival of pancreatic cancer patients who showed increasing BSP levels after surgery (n = 29) to patients with decreasing postoperative BSP levels (n = 12) to evaluate if the individual course of BSP levels over time has an impact on the patients' prognosis. However, we observed no difference in overall survival between these two groups (Fig. 3d) .
High tumoral Bsp expression is associated with a poor prognosis. Based on the promising finding on a prognostic value of preoperative BSP serum levels, we finally investigated a potential prognostic value of intra-tumoral BSP expression. Due to the non-availability of the corresponding tissue samples for the analysed serum samples, we accessed the TCGA-PAAD database and downloaded the raw BSP (IBSP) mRNA expression data of 178 resected PDAC tumor samples. We next compared the prognosis of patients with either high or low tumoral BSP expression. Strikingly, Kaplan-Meier curve analysis revealed a significantly impaired long-term survival for patients with BSP mRNA expression levels above the ideal prognostic cut-off value in the resected tumor samples (Fig. 4 , see Patients and Methods for details), corroborating the prognostic relevance of BSP in the context of resectable pancreatic cancer. 
Discussion
In the present study, we demonstrated that serum concentrations of bone sialoprotein (BSP) are elevated in a cohort of 132 patients who underwent radical tumor resection for pancreatic cancer and that high pre-operative BSP levels represent a significant marker for an unfavourable patients´ prognosis. These data do not only argue for a novel function of circulating BSP as a serum marker in pancreatic cancer but do also support a potential relevance of BSP in the pathogenesis of pancreatic cancer, as recently suggested for other members of the SIBLINGs-family 11, 14, 20, 21 . Despite radical tumor resection, many patients with pancreatic cancer face early tumour recurrence and therefore display a limited prognosis 22, 23 . Moreover, extended pancreatic surgery is associated with frequent clinical complications with up to 5% of all resected patients dying in the early postoperative course 4 . In this clinical context, pre-operative markers that identify patients who will particularly benefit from surgery in terms of long-term survival would be of tremendous value 24 . However, the knowledge on potential biomarkers for the identification of these patients is still limited. Based on the elevated expression of BSP in malignant pancreatic tumours as well as previous reports suggesting a direct role of BSP in the pathophysiology of pancreatic cancers 11 , we analysed serum concentrations of BSP in a large and well-defined cohort of 132 patients with pancreatic cancer that underwent tumor resection. We demonstrate for the first time that circulating levels of BSP are significantly elevated in patients with pancreatic cancer. Although the diagnostic power of serum BSP levels for the differentiation of pancreatic cancer patients and healthy controls was inferior to tumor markers such as CA19-9 and CEA, the combinational use of BSP and CA19-9 revealed an excellent discriminatory power with a diagnostic sensitivity of 83.6% and a specificity of 94.6%. These data clearly suggest that, when integrated into panels of other tumor markers (including e.g. CA-19-9), the analysis of serum BSP concentrations might represent a novel tool for the diagnosis of pancreatic cancer.
We next hypothesized that pre-operative BSP serum concentration might unravel important information on the patient's individual postoperative course and thus provide assistance in deciding whether a patient should receive surgery or not. We therefore analysed different cut-off values for serum BSP levels to best discriminate between patients with a favourable or an unfavourable clinical outcome. In our cohort, patients with BSP concentrations above 4743 pg/ml had a significantly impaired prognosis, displaying a median overall survival of 289 days, compared to 622 days in patients with BSP concentrations below 4743 pg/ml (see Fig. 3 ). Notably, BSP turned out as an independent prognostic marker both in uni-and multivariate Cox-regression analyses including tumor and patient specific markers (see Table 2 ). Although these data suggest that serum BSP levels might be used to predict patients postoperative outcome, they do not allow any statement whether an individual patient would have benefited better from other treatment modalities. Since highly intensive pre-and postoperative systemic treatment approaches have been demonstrated to ameliorate the outcome of at least selected patients 5, 25 , this missing information represents a major limitation of this study. Therefore prospective clinical trials including different treatment modalities for pancreatic cancer patients are warranted to corroborate the clinical relevance of circulating BSP in the context of this disease.
Despite the underlying pathophysiological mechanisms linking elevated serum levels of BSP and an impaired patients' prognosis is not fully understood, our observations point towards a relevant integration of BSP into the carcinogenesis of pancreatic cancer. BSP represents one of the main structural proteins of the human bone matrix. It is synthesized by various skeletal-associated cell types such as hypertrophic chondrocytes, osteoblasts, osteocytes, and osteoclasts and constitutes for approximately 12% of human non-collagenous bone proteins. BSP represents a SIBLING family member of genetically related proteins that are encoded on chromosome 4 12 . These proteins, initially identified in bone and teeth, share many structural characteristics. It is now well established that they are overexpressed in several tumours and play a critical role at different steps of cancer development such as cancer cell adhesion, proliferation, migration, invasion, metastasis and angiogenesis 26 . Altered expression levels of BSP have been found in breast cancer as well as in metastases of non-small-cell-lung cancer. Moreover, an important role for BSP has been suggested in pancreatic cancer 11 . However, since in our cohort of patients, serum BSP levels were not correlated with tumour specific characteristics such as tumour stage or grading, it is likely that BSP rather reflects general clinical mechanism affecting the patients' prognosis. In line with this hypothesis, correlation analyses between initial BSP levels and various laboratory markers revealed a significant correlation between BSP serum levels and parameters of inflammation and liver dysfunction. Notably, these findings are in concordance with a recent analysis, demonstrating a similar correlation in critically ill patients 25 , which also displayed an unfavourable prognosis when BSP serum levels were elevated. Our present study further revealed an increase in post-operative BSP concentrations compared to pre-operative levels, arguing for a link between postoperative inflammation and elevated BSP levels. In line with this assumption, we recently found a strong positive correlation of BSP levels and markers of bacterial infection and inflammation in critically ill or septic patients 27 . Moreover, neither postoperative BSP serum levels nor changes between pre-and postoperative BSP concentrations reflected patients long-term prognosis, leaving the exact pathophysiological mechanism how BSP impacts patients' prognosis unclear. Moreover, further studies including multiple time points of BSP measurements after tumor resection are warranted to fully elucidate the trajectory of BSP serum levels after resection of pancreatic cancer and to evaluate a potential influence on the individual course of postoperative BSP on the patients' survival.
Our study was limited by several points. First, we used serum samples of healthy, cancer-free blood donors as a control population. As these samples were not matched for demographic, anthropometric and socioeconomic characteristics, we cannot exclude a potential bias of these parameters on circulating BSP levels. In this line of thinking, it would also be of interest to analyse BSP serum levels in additional control populations such as patients with benign pancreatic disease or PDAC precursor lesion. Second, the analyses of tumoral BSP mRNA expression and circulating BSP levels were performed in two different cohorts of PDAC patients. Thus, our data do now allow the conclusion that elevated BSP serum levels were directly linked to an increased tumoral BSP expression. Finally, the detection-antibody of the ELISA that we used to measure circulating BSP levels has a rather unspecific immunogenic region. As BSP is known to be extensively modified post-translationally including N-and O-linked glycosylation, serine and threonine phosphorylation, tyrosine sulfation, and sialylation 28 , it is very likely that the ELISA also detected other BSP forms with a molecular mass higher than 35 kDa.
Together, the present data suggest a novel diagnostic and prognostic role of BSP in PDAC patients undergoing tumor resection. However, further clinical trials including larger, independent cohorts of PDAC patients are warranted before considering a potential implementation into clinical algorithms and to fully elucidate the pathophysiological role of BSP and other SIBLING proteins in this context.
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